Abstract Recognition of the vascular endothelial growth factor (VEGF) pathway as a key mediator of angiogenesis has led to the clinical study of several VEGF and VEGF receptor (VEGFR) targeted therapies in nonsmall-cell lung cancer (NSCLC). These targeted therapi es i nclude neutralizing antibodies to VEGF ( b e v a c i z u m a b a n d a f l i b e r c e p t ) a n d V E G F R -2 (ramucirumab) and tyrosine kinase inhibitors (TKIs) with selectivity for the VEGFRs. Bevacizumab and ramucirumab are associated with survival advantages in the treatment of advanced NSCLC: bevacizumab in the first-line setting in combination with carboplatin/ paclitaxel and ramucirumab in combination with docetaxel in the second-line setting. The VEGFR-2 TKIs have been associated with responses and improved progression-free survival in selected NSCLC settings; however, this level of activity has thus far been insufficient to confer significant survival advantages. This review will focus on the current state of VEGF targeted therapies in NSCLC.
Introduction
Lung cancer is the leading cause of cancer mortality in the USA and worldwide [1] . An estimated 224,210 new cases of lung cancer will be diagnosed in 2014 in the USA alone, and 159,260 lung cancer deaths are estimated to occur [1] . Historically, palliative chemotherapy in the metastatic non-smallcell lung cancer (NSCLC) setting resulted in modest survival prolongation and preservation of quality of life. [2] [3] [4] [5] [6] A series of large randomized controlled phase 3 clinical trials established platinum-based doublets as the standard of care in the treatment of metastatic NSCLC with response rates of 20 to 30 % and a median survival of 8 to 11 months [7] [8] [9] [10] [11] .
Overexpression of vascular endothelial growth factor (VEGF) has been found in most human tumors, including NSCLC, and is associated with increased tumor recurrence, metastasis, and death [12] [13] [14] [15] [16] . The angiogenic phenotype is considered a hallmark of the malignant process whereby proangiogenic mechanisms overwhelm or circumvent the negative regulators of angiogenesis [17] . The VEGF/VEGFreceptor (VEGFR) pathway plays a pivotal role in normal and pathologic angiogenesis [18] . VEGF pathway activation leads to endothelial cell survival, mitogenesis, migration, differentiation, and mobilization of endothelial progenitor cells from the bone marrow into the peripheral circulation [18] .
The VEGF-related gene family is composed of six secreted glycoproteins referred to as VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placenta growth factor (PlGF) -1 and -2 [19] [20] [21] . VEGF-A (commonly referred to as VEGF) is an endothelial specific mitogen with a diverse range of angiogenic activities [22] . VEGF-A undergoes alternate splicing to yield isoforms of 121, 165, 189, and 206 amino acids, which have distinct tissue-specific expression patterns, suggesting defined roles in vasculogenesis and tumor angiogenesis [20, 21, [23] [24] [25] . The VEGF ligands mediate their effect This article is part of the Topical Collection on Lung Cancer through several receptor tyrosine kinases (Fig. 1 [18] ). All isoforms of VEGF bind to VEGFR-1 and VEGFR-2, whereas PlGF-1 and -2 and VEGF-B specifically bind and activate VEGFR-1 [26] [27] [28] . While VEGFR-1 is critical for physiologic and developmental angiogenesis, the precise function of VEGFR-1 in angiogenesis is unclear [18] . The majority of the effects of VEGF are mediated through binding of VEGF R-2, which leads to microvascular permeability, invasion, migration, and survival [29] [30] [31] . Other mediators of the VEGF ligands include VEGFR-3, which may be involved in cardiovascular development and vascular remodeling during embryogenesis and lymphangiogenesis in the adult, and NRP-1 and NRP-2, which are likely to serve as co-receptors for VEGF [18] .
Recognition of the VEGF pathway as a key mediator of angiogenesis has led to the clinical study of several VEGF targeted therapies in lung cancer. These targeted therapies include neutralizing antibodies to VEGF (bevacizumab, currently the only FDA-approved anti-angiogenic therapy in NSCL C, and aflibercept) and VEGFR-2 (ramucirumab) and receptor tyrosine kinase inhibitors (TKIs) with preferential selectivity for the VEGFRs. This review will focus on the current state of VEGF targeted therapies in advanced lung cancer with a particular focus on bevacizumab.
Monoclonal Antibodies Bevacizumab
Bevacizumab is the recombinant humanized version of the murine anti-human VEGF monoclonal antibody A4.6.1 [32] .
A phase Ib clinical trial demonstrated bevacizumab in combination with cytotoxic chemotherapy to be a well-tolerated regimen with no exacerbation of the expected toxicities of chemotherapy [33] . A subsequent phase II clinical trial of bevacizumab at doses of 7.5 mg/kg (low dose) and 15 mg/kg (high dose) in combination with carboplatin/ paclitaxel in chemotherapy-naive advanced NSCLC demonstrated a response rate (RR) of 31.5 % with high-dose bevacizumab in combination with carboplatin/paclitaxel compared with 18.8 % with carboplatin/paclitaxel alone, a longer time to progression (7.4 vs 4.2 months, respectively), and a modest increase in overall survival (OS) to 17.7 months from 14.9 months, respectively [34] . In this phase II clinical trial, bleeding was the most prominent adverse event manifesting in two distinct clinical patterns: minor mucocutaneous bleeding and major hemoptysis. None of the cases of mucocutaneous bleeding, most commonly epistaxis, required change in bevacizumab administration. Six of the 66 patients (9 %) treated with bevacizumab on this phase II trial experienced major bleeding described as hemoptysis or hematemesis, four events of which were fatal. These patients were noted to have centrally located tumors close to major blood vessels; five patients were noted to have cavitation or necrosis of tumors, either at baseline or developing during bevacizumab therapy, and four patients were noted to have squamous cell histology. This phase II clinical trial was a critical step in the development of bevacizumab as it identified a signal of efficacy with regard to survival and, more importantly, a signal of toxicity in the squamous cell population, which influenced the design of subsequent phase III clinical trials.
The intergroup trials E4599 and AVAiL are two large randomized phase III clinical trials evaluating the addition of bevacizumab to platinum-based doublet chemotherapy in patients with advanced non-squamous NSCLC in the first-line setting. Both clinical trials excluded patients with squamous cell histology, patients with hemoptysis (≥one-half teaspoon of bright red blood per event), or intracranial metastases, and patients on therapeutic anticoagulation or aspirin at doses more than 325 mg/day [35•, 36] . E4599 met its primary endpoint demonstrating that the addition of bevacizumab Fig. 1b) , respectively. The corresponding rates of clinically significant bleeding were 4.4 and 0.7 %, respectively (P<0.001). The addition of bevacizumab was associated with an increase in hematologic toxicity compared with carboplatin/paclitaxel alone, resulting in higher rates of neutropenia, febrile neutropenia, and thrombocytopenia. The European counterpart, AVAiL, evaluated the addition of bevacizumab (7.5 or 15 mg/kg) to cisplatin/gemcitabine versus chemotherapy alone in patients with advanced nonsquamous NSCLC. This trial met its primary endpoint with a significant prolongation in PFS from 6.1 to 6.7 months in the low-dose bevacizumab group (HR 0.75, P=0.003; Table 1) and from 6.1 to 6.5 months in the high-dose bevacizumab group (HR 0.82, P=0.03; Table 1 [36]). The update of AVAiL failed to demonstrate an OS advantage with bevacizumab (13.1, 13.4, and 13.6 months for the placebo, high-dose bevacizumab, and low dose-bevacizumab groups, respectively, HR 1.03, P = 0.761; Table 1), although more than 60 % patients with progression of their disease went on to receive second-line therapy [37] . The survival results of AVAiL should be considered with caution as the statistical plan was altered after the initiation of the trial. Originally intended to be a two-stage adaptive design in which one of the bevacizumab groups would be dropped resulting in a two-arm study, the study was amended to proceed with three arms for the duration. In addition, the primary endpoint originally intended to be OS was changed to PFS after the results of E4599 become available. Lastly, the interval at which disease status was assessed differed between the trials (every 6 weeks in E4599 vs every 9 weeks in AVAiL), introducing interval censoring into the PFS endpoint. While squamous cell histology is a contraindication to bevacizumab therapy, it is important to note that the BRIDGE clinical trial, an open-label phase II study, assessed the addition of bevacizumab to carboplatin/paclitaxel chemotherapy with cycle 3 of chemotherapy in patients with previously untreated advanced predominantly squamous cell histology NSCLC [38] . The BRIDGE clinical trial had strict patient selection criteria and excluded patients with untreated brain metastases, tumor cavitation, gross hemoptysis within 3 months, major surgical procedures or trauma within 28 days, evidence of bleeding diathesis or coagulopathy, or major blood vessel tumor impingement or invasion. In this study, bevacizumab was associated with grade 3 pulmonary hemorrhage in 1 of 31 patients (3.2 %) with no other serious bleeding events. While this rate of pulmonary hemorrhage in patients with squamous cell NSCLC was lower than what would be expected from the prior phase II trial of bevacizumab with chemotherapy in the first-line setting, the BRIDGE clinical trial was small, and the use of bevacizumab in patients with predominantly squamous NSCLC outside of a clinical trial is not recommended.
In both E4599 and AVAiL, bevacizumab was given as maintenance therapy after the completion of six cycles of platinum doublet chemotherapy/bevacizumab. Although data specifically assessing the role of bevacizumab in the maintenance setting are limited, a retrospective analysis of patients with non-progressive disease after induction therapy on E4599 demonstrated a superior PFS (4.4 vs 2.8 months, respectively, HR 0.64, P<0.001) and OS (12.8 vs 11.4 months, respectively, HR 0.75, P = 0.03) in patients receiving bevacizumab maintenance compared with patients who did not [39] . The ATLAS clinical trial randomized patients with advanced NSCLC without disease progression or significant toxicity after four cycles of chemotherapy/bevacizumab to maintenance therapy with either bevacizumab/placebo or bevacizumab/erlotinib [40] . Bevacizumab/placebo maintenance was associated with a PFS of 3.7 months, compared with 4.8 months with bevacizumab/erlotinib (HR 0.71, P<0.001; Table 1 ). E5508 is a randomized phase III clinical trial of maintenance therapy with bevacizumab, pemetrexed, or the combination following carboplatin, paclitaxel, and bevacizumab induction therapy in advanced non-squamous NSCLC patients. This trial is currently ongoing and will further inform upon the role bevacizumab maintenance following bevacizumab-containing induction therapy.
With the emergence of histology as an important predictor o f be n ef i t f r o m pe m et r e x ed -b a s e d t he r ap y, th e POINTBREAK clinical trial aimed to establish which platinum doublet is best paired with bevacizumab in the nonsquamous setting: carboplatin/paclitaxel vs carboplatin/ pemetrexed. This study failed to demonstrate an OS advantage of a pemetrexed-based platinum doublet compared with a paclitaxel-based platinum doublet in combination with bevacizumab (12.6 vs 13.4 months, respectively, HR 1, P= 0.949; Table 1 [41] ). Both regimens demonstrated tolerability, although the toxicity profiles differed; carboplatin/ pemetrexed/bevacizumab compared with carboplatin/paclitaxel/bevacizumab was associated with significantly more study drug-related grade 3 or 4 anemia (14.5 vs 2.7 %, respectively), thrombocytopenia (23.3 vs 5.6 %, respectively), and fatigue (10.9 vs 5.0 %, respectively), whereas carboplatin/ paclitaxel/bevacizumab compared with carboplatin/ pemetrexed/bevacizumab was associated with significantly more grade 3 or 4 neutropenia (40.6 vs 25.8 %, respectively), febrile neutropenia (4.1 vs 1.4 %, respectively), sensory neuropathy (4.1 vs 0 %, respectively), and alopecia (grade 1 or 2; 36.8 vs 6.6 %, respectively). Given these data, the decision of which platinum doublet to be paired with bevacizumab is often based on the respective toxicity profiles of pemetrexed-based therapy compared with paclitaxel-based therapy.
The BeTa trial assessed the role of bevacizumab/erlotinib versus erlotinib/placebo in patients with advanced NSCLC who have progressed after first-line therapy. This trial failed to meet its primary endpoint of OS (9.3 vs 9.2 months, respectively, HR 0.97, P=0.7583; Table 1 ) for patients treated with bevacizumab/erlotinib versus erlotinib alone [42] . While there seemed to be an improvement in PFS (3.4 vs 1.7 months, respectively, HR 0.62, 95 % confidence interval (CI) 0.52-0.75; Table 1 ) and RR in the bevacizumab containing arm, these secondary endpoint differences were not defined as significant based on the statistical design of this study. AvaALL is an open-label randomized phase IIIb trial evaluating the role of continuation of bevacizumab therapy in patients who have progressed after first-line treatment with a bevacizumabcontaining platinum doublet and at least two cycles of bevacizumab maintenance. In this clinical trial, patients randomized to the experimental arm continue to receive bevacizumab with second line and subsequent lines of treatment. While there is currently limited evidence to support the use of bevacizumab beyond the first-line setting, AvaLL may help to further delineate the role of bevacizumab therapy beyond progression.
In a post hoc analysis of the BeTa clinical trial, PFS was substantially longer in the subset of patients with EGFR mutant lung cancers treated with bevacizumab/erlotinib compared with erlotinib alone [43] . The role of bevacizumab in the EGFR mutant population was specifically addressed in a randomized clinical trial comparing erlotinib/bevacizumab with erlotinib alone in the first-line setting. This trial demonstrated a significant PFS benefit with the addition of bevacizumab to erlotinib compared with erlotinib alone in patients with EGFR mutant lung cancers (16 vs 9.7 months, respectively, HR 0.54, P=0.0015; Table 1) and in the subset of patients with EGFR exon 19 deletions (18.0 vs 10.3 months, respectively, HR 0.41, P=0.0011) and a numerically longer PFS in patients with EGFR L858R mutations (13.9 vs 7.1 months, respectively, HR 0.67, P=0.1653 [44]). Two clinical trials, BELIEF (NCT01562028) and ACCRU RC1126 (NCT01532089), are ongoing to further evaluate the efficacy of this regimen in the EGFR mutant population.
In order to further assess the safety of bevacizumab in combination with chemotherapy in the first-line treatment of advanced non-squamous NSCLC, an open-label, single group, phase 4 clinical trial (SAiL) enrolled 2212 patients treated with bevacizumab in whom the incidence of thromboembolism was 8 %, of hypertension 6 %, of bleeding 4 %, of proteinuria 3 %, and of pulmonary hemorrhage 1 %; 3 % of patients died because of these adverse events, which were most commonly thromboembolism (1 %) and bleeding (1 % [45]). In reviewing the body of safety data with bevacizumab, an expert panel of oncologists, radiologists, and pulmonologists concluded that NSCLC patients are inherently at increased risk of pulmonary hemorrhage owing to their underlying disease process and that the only absolute contraindications to bevacizumab therapy are squamous cell histology and the presence of grade ≥2 hemoptysis (≥2.5 ml/event [46] ). This panel concluded that no clinical or radiological features (including cavitation and central tumor location) reliably predict severe pulmonary hemorrhage in bevacizumabtreated patients [46] . While major blood vessel infiltration, encasement, and abutting may predict for pulmonary hemorrhage, standardized radiological criteria for defining infiltration have not been established [46] .
ARIES was a prospective observational cohort study which evaluated outcomes in a large community-based population of NSCLC patients receiving bevacizumab in the first-line setting [47•] and was critical in delineating the safety of bevacizumab in patients receiving anticoagulation, a patient population who had been excluded from the pivotal E4599 and AVAiL clinical trials. Among 1967 patients enrolled on ARIES, 8 % had brain metastases and 7 % had a history of hemoptysis; among 1290 patients on concomitant medications, 13 % were receiving anticoagulation (76 prophylactic /92 therapeutic) and 35 % were receiving antiplatelet therapy. In this observational cohort, the rate of grade ≥3 bevacizumabassociated events was similar to those seen in E4599 and AVAiL; 1.2 % patients developed severe pulmonary hemorrhage, and 0.2 % had grade 3 to 5 CNS hemorrhage, with a trend for bevacizumab-related adverse events occurring more frequently in the first 6 months of bevacizumab therapy. These data would indicate that eligibility for bevacizumab should not be influenced by concomitant anticoagulation or antiplatelet therapy.
Brain metastases are a common complication of NSCLC, and few randomized phase III clinical trials have included patients with brain metastases. In a recent phase III trial enrolling patients with chemotherapy-naïve NSCLC with or without brain metastases, 17 % of patients had brain metastases (7 % patients with squamous cell histology and 19 % patients with adenocarcinoma histology) which underscores the importance of characterizing the safety of bevacizumab in patients with metastatic disease to the brain [48] . The PASSPORT clinical trial specifically assessed the safety of bevacizumab in patients with non-squamous NSCLC and treated brain metastases with the primary endpoint of grade ≥2 intracranial hemorrhage. In 106 safety evaluable patients who had completed therapy for their intracranial disease (radiation ≥4 weeks and/or neurosurgery ≥3 months prior to bevacizumab treatment), bevacizumab either in the first-or second-line setting was associated with no episodes of grade ≥2 intracranial hemorrhage [49•]. This trial concluded that bevacizumab in patients with NSCLC and treated brain metastases seems to be safe and is associated with a low incidence of CNS hemorrhage.
Selection of patients that are most likely to benefit from chemotherapy plus bevacizumab is limited by the lack of a validated biomarker of response to VEGF therapy. In an embedded substudy of E4599, the onset of hypertension with bevacizumab portended better OS and PFS, relative to patients who did not have onset of hypertension, although this clinical biomarker is of limited prospective utility [50] . In a planned prospective biomarker assessment of VEGF, basic fibroblast growth factor (bFGF), intercellular adhesion molecule (ICAM), and E-selectin within E4599, baseline ICAM levels were associated with response and survival in patients irrespective of treatment arm [51] . Patients with low baseline ICAM levels had a higher RR (32 vs 14 %; P=0.02) and better overall survival (P=0.00005) than those with high ICAM levels, respectively, regardless of treatment arm. Patients with high VEGF levels were more likely to respond to carboplatin/ paclitaxel/bevacizumab compared with carboplatin/paclitaxel, but this was not predictive of survival.
Ramucirumab
Ramucirumab is a fully human IgG1 monoclonal antibody that specifically binds to the VEGFR-2 extracellular domain with high affinity, preventing binding of all VEGF ligands and receptor activation and signaling [52] . Two phase II clinical trials have assessed the addition of ramucirumab to platinum doublet chemotherapy in the first-line setting. Camidge et al. enrolled squamous and non-squamous patients on a singlearm trial of carboplatin/paclitaxel/ramucirumab and demonstrated tolerability of this regimen, a RR of 55 %, a median PFS of 7.9 months and OS of 17.9 months [53] . Of interest in this single-arm trial is that the single-nucleotide polymorphism (SNP) rs2981582 on the FGFR-2 gene had significant associations with improved overall survival, PFS, and best overall response. Doebele et al. randomized patients with non-squamous NSCLC to either platinum/pemetrexed or platinum/pemetrexed/ramucirumab and demonstrated no statistically significant improvements in PFS (5.6 vs 7.2 months, respectively, HR 0.75, P=0.132), OS (10.4 vs 13.9 months, HR 1.03, P=0.892), and RR (38.0 and 49.3 %, respectively, P=0.180) and no new or unexpected safety findings [54] .
The REVEL clinical trial is a randomized phase III clinical trial which assessed the addition of ramucirumab to docetaxel compared with docetaxel/placebo in patients with squamous or non-squamous advanced NSCLC after platinum-based chemotherapy. This trial met its primary endpoint demonstrating an OS advantage with the addition of ramucirumab (9.1 months with docetaxel/ramucirumab vs 10.5 months with docetaxel/placebo, HR 0.86, P=0.023; Table 1 and Fig. 2a) , in addition to a PFS prolongation (4.5 vs 3.0 months, respectively, HR 0.76, P<0.0001; Table 1 and Fig. 2b ) and improvement in RR (23 vs 14 %, respectively, OR 1.89, P<0.0001; Table 1 [55•]). Although this study was not powered for subgroup analyses, most subgroups of patients had numerically longer survival with the addition of ramucirumab compared with docetaxel/placebo, including patients with non-squamous disease (11.1 vs 9.7 months, respectively, HR 0.83, 95 % CI 0.71-0.97), patients with squamous disease (9.5 vs 8.2 months, HR 0.88, 95 % CI 0.69-1.13), and responders to first-line platinum therapy (11.2 vs 10.3 months, HR 0.84, 95 % CI 0.71-0.99). The most common grade 3 or worse adverse events were neutropenia (49 % patients in the ramucirumab group vs 40 % in the placebo group), febrile neutropenia (16 vs 10 %), fatigue (14 vs 10 %), leukopenia (14 vs 12 %), and hypertension (6 vs 2 %). The numbers of deaths from adverse events (5 vs 6 %) and grade 3 or worse pulmonary hemorrhage (1 vs 1 %) did not differ between the treatment groups. The efficacy of ramucirumab in combination with docetaxel across NSCLC histologies and the safety with regard to the risk of pulmonary hemorrhage make ramucirumab of particular interest in patients with squamous cell NSCLC.
Aflibercept
VEGF trap or aflibercept is a recombinant fusion protein, consisting of human VEGFR-1 extracellular domain 2 and VEGFR-2 extracellular domain 3, fused to the hinge region of the human IgG1 Fc domain. Aflibercept has high affinity VEGF binding (approximately 1000-fold greater than bevacizumab), the ability to bind VEGF-B, as well as PlGF-1 and -2, and a longer half-life [56] . In a single-arm clinical trial assessing the safety and efficacy of single-agent aflibercept in patients with erlotinib-and platinum-resistant advanced lung adenocarcinomas, aflibercept was well tolerated but had little single-agent activity; the overall RR was 2.0 % (95 % CI, 0.2-7.2 %), median PFS 2.7 months, and OS 6.2 months (Table 1) [57] . In the second-line setting, the VITAL clinical trial randomized patients with non-squamous NSCLC to docetaxel/aflibercept or docetaxel/placebo and failed to meet its primary endpoint of improvement in OS with the addition aflibercept (10.1 vs 10.4 months, respectively, HR 1.01, P=0.90; Table 1 ). Grade 3 adverse events occurred more frequently with docetaxel/aflibercept compared with docetaxel/placebo and were neutropenia (28.0 vs 21.1 %, respectively), fatigue (11.1 vs 4.2 %, respectively), stomatitis (8.8 vs 0.7 %, respectively), and hypertension (7.3 vs 0.9 %, respectively).
Tyrosine Kinase Inhibitors
The role of anti-angiogenic TKIs in the treatment of advanced NSCLC has been the subject of multiple phase II and III clinical trials. Multi-targeted TKIs with activity against VEGFR-2-sorafenib, sunitinib, nintedanib, cediranib, motesanib, pazopanib, axitinib, and vandetanib-have been studied as single agents and in combination with erlotinib or chemotherapy in patients with treatment-naïve and previously treated NSCLC (Table 2 ). As single agents and in combination with chemotherapy, these multi-targeted TKIs have been associated with improvement in RRs and PFS in selected trials (Table 2) . However, these improvements in RRs and PFS have not translated to gains in OS, suggesting a level of activity in patients with unselected NSCLC that is unlikely sufficient to drive OS. LUME Lung 1 was a randomized phase III clinical trial assessing the addition of nintedanib to docetaxel in patients with advanced NSCLC with progressive disease after firstline therapy. In this clinical trial, PFS was significantly improved with docetaxel/nintedanib compared with docetaxel/ placebo group (3.4 vs 2.7 months, respectively, HR 0.79, P=0.0019; Table 2 [66]), while OS was not significantly impacted (10.1 vs 9.1 months, respectively, HR 0.94, P = 0.2720). OS was significantly improved for patients with adenocarcinoma histology who progressed within 9 months after start of first-line treatment with docetaxel/nintedanib compared with docetaxel/placebo group (10.9 vs 7.9 months, respectively, HR 0.75, P=0.0073) and for all patients with adenocarcinoma histology (12.6 vs 10.3 months, respectively, HR 0.83, P=0.0359), suggesting a histology-specific benefit. Based on these results, LUME Columbus is an ongoing randomized, double-blind, phase III trial assessing the efficacy and safety of nintedanib plus docetaxel versus placebo plus docetaxel in patients with advanced adenocarcinoma of the lung after failure of first-line therapy.
CALBG 30607 evaluated the role of switch maintenance sunitinib versus placebo in patients with advanced NSCLC following 4 cycles of induction therapy with the primary endpoint of PFS. This trial crossed the superiority boundary on the primary endpoint at an interim analysis demonstrating a median PFS of 4.3 months with sunitinib versus 2.8 months with placebo (HR 0.59, P = 0.0008; Table 2 ) with improvements in both the squamous (4.3 vs 2.4 months, respectively, HR 0.55, P=0.02) and non-squamous histologic [63] 2nd/3rd line Sunitinib 63 11.1 3.0 9.3 Novello et al [64] 2nd/3rd line Docetaxel/placebo 47 2.1 3.0 9.1 Docetaxel/ramucirumab 10.5 Scagliotti et al [65] 2nd/3rd line Erlotinib/placebo 480 6.9 2.0 8.5 Erlotinib/sunitinib 480 10.6* 3.6* 9.0 Nintedanib Reck et al [66] 2nd line and beyond (Table 2) , and the rate of subsequent therapy was 61 % on the sunitinib arm and 74 % on the placebo arm (P=0.049). These data would suggest a therapeutic niche for sunitinib in the maintenance setting after first-line therapy. Nikolinakos et al. conducted profiling of cytokine and angiogenic factors (CAFs) to investigate the relationship between baseline CAF levels, CAF changes during treatment, and tumor shrinkage in early-stage NSCLC patients treated with pazopanib [84] . Pazopanib therapy was associated with significant changes of eight CAFs, with the largest changes being in sVEGFR2 and placental growth factor. Posttreatment changes in plasma sVEGFR2 and interleukin (IL)-4 and baseline levels of 11 CAFs significantly correlated with tumor shrinkage. This study identified a baseline CAF signature consisting of hepatocyte growth factor and IL-12 which was associated with tumor response to pazopanib. Furthermore, CAF profiling in a randomized phase II clinical trial evaluating vandetanib monotherapy, vandetanib in combination with carboplatin/paclitaxel, or carboplatin/paclitaxel alone in previously untreated patients with advanced NSCLC demonstrated distinct patterns in plasma CAFs between the treatment arms [85] . While these results indicate that CAF profiling may provide insight into the biologic effects of treatment with VEGFR TKIs, these candidate biomarkers have not been prospectively validated as predictive of outcome.
Anti-angiogenic Agents in the Treatment of Local or Locally Advanced NSCLC
The survival benefit of bevacizumab in patients with advanced NSCLC seen in E4599 led to the development of E1505 which is assessing the addition of bevacizumab to cisplatin-based chemotherapy in patients with resected stage IB to IIIA NSCLC. This trial has completed accrual; in an interim safety analysis, there were no unexpected toxicities with bevacizumab. Adjuvant bevacizumab was associated with increased grade 3/4 hypertension, proteinuria, and abdominal pain with only one case each of fatal hemoptysis and non-fatal bronchopleural fistula [86] .
A phase I/II clinical trial assessed the safety and efficacy of the incorporation of bevacizumab and erlotinib into concurrent chemoradiotherapy in stage III NSCLC [87] . Forty-five eligible patients received induction chemotherapy with carboplatin/paclitaxel/bevacizumab followed by concurrent chemotherapy with bevacizumab and thoracic conformal radiation therapy to 74 Gy with or with erlotinib, followed by consolidation therapy with bevacizumab and erlotinib. This approach was associated with an induction response rate and overall response rate of 39 and 60 %, respectively, a PFS of 10.2 months, and an OS of 18.4 months. This approach was associated with significant grade 3/4 esophagitis with one patient developing a grade 3 tracheoesophageal fistula. Based on these results, the incorporation of bevacizumab into concurrent chemoradiotherapy in the treatment of stage III NSCLC is associated with excess toxicity and not currently recommend.
Conclusions
The recognition of the VEGF pathway as a key regulator of angiogenesis in NSCLC has led to the study of several antiangiogenic agents, including monoclonal antibodies to VEGF and VEGFR-2 and VEGFR TKIs. To date, only bevacizumab and ramucirumab have demonstrated a level of activity that drives overall survival in the treatment of advanced NSCLC: bevacizumab in the first-line setting in combination with carboplatin/paclitaxel and ramucirumab in combination with docetaxel in the second-line setting. Given these findings, the use of anti-angiogenic agents in combination with 
